Abstract | Cellular and tissue regeneration in the gastrointestinal tract and liver depends on stem cells with properties of longevity, self-renewal and multipotency. Progress in stem cell research and the identification of potential esophageal, gastric, intestinal, colonic, hepatic and pancreatic stem cells provides hope for the use of stem cells in regenerative medicine and treatments for disease. Embryonic stem cells and induced pluripotent stem cells have the potential to give rise to any cell type in the human body, but their therapeutic application remains challenging. The use of adult or tissue-restricted stem cells is emerging as another possible approach for the treatment of gastrointestinal diseases. The same self-renewal properties that allow stem cells to remain immortal and generate any tissue can occasionally make their proliferation difficult to control and make them susceptible to malignant transformation. This Review provides an overview of the different types of stem cell, focusing on tissue-restricted adult stem cells in the fields of gastroenterology and hepatology and summarizing the potential benefits and risks of using stems cells to treat gastroenterological and liver disorders.
Introduction
The ability to regenerate and replace cells is vital for the viability and maintenance of most epithelial tissues, including the gastrointestinal tract. Cellular regeneration typically depends on stem cells: primitive and relatively unspecialized cells in fetal and adult tissues that have properties of longevity, self-renewal and multi potency (Table 1) . 1 All stem cells are capable of self-renewal through the generation of daughter stem cells, and of differentiation into a variety of mature cell types. These processes of selfrenewal and differentiation can occur through either symmetric or asymmetric cell ular division. 2 Stem cells are now thought to range from the totipotent cells of the zygote to pluripotent embryonic stem cells (ESCs) and the more tissue-restricted adult stem cells ( Figure 1 ).
Stem cells can be roughly classified as embryonic or adult and within the gastrointestinal tract they can be further subdivided into esophageal, gastric, intestinal, colonic, hepatic and pancreatic stem cells. Adult stem cells, such as gastrointestinal tissue stem cells, lack cell-specific patterns of expression but give rise to so-called progenitor cells. These, in turn, produce cellular descend ants that have a more restricted lineage potential. 3 There is an ongoing debate about how many intermediate cell entities, such as progenitor cells, exist. 4 Nevertheless, the presence of adult stem-like cells in the gastrointestinal tract was first postulated by Charles LeBlond 60 years ago, 5 well before they were recognized in other organ systems. In addition, over the past 5 years, remarkable progress has been made in the identification and understanding of adult gastro intestinal stem cells.
The recent advances in stem cell research over the past 5 years have generated great interest in the potential therapeutic applications of stem cells in the treatment of gastrointestinal and hepatic disorders. While tissue regeneration could theoretically be accomplished with tissue-restricted adult stem cells, given the limited availability of, and difficulties isolating, these cells, most of the focus has been on the potential of using ESCs (Box 1) and similar induced pluripotent stem cells (iPSCs) (Box 2). 6, 7 In the fields of gastroenterology and hepatology, stem cells could be used to restore tissue function to patients who have failure of the liver, small intestine or pancreas. Similar to whole organ transplantation of the liver or pancreas, the application of those stem cells that are restricted to an endodermal lineage could in theory be used to regenerate most gastrointestinal or hepatic tissues and thus restore organ function. Stem cells can also support tissue repair, without giving rise to epithelial lineages, when they function as different stromal cells or directly modulate immune function. 7 Work since 2007 indicates that mesenchymal stem cells (MSCs) (Box 3) may ameli orate diseases such as IBD or liver failure by modulating immune function. 8 Finally, the in vivo stimula tion of tissue-restricted adult stem cells or use of their ex vivo expanded and differentiated progenies is emerging as a promising approach to treating digestive diseases.
There is a dark side to the presence of stem cells in the gastrointestinal tract and liver that also needs to be considered: the same self-renewal properties that allow stem cells to remain immortal and generate thousands of progeny can occasionally make their proliferation diffi cult to control and make them susceptible to malignant transformation. Indeed, the cancer stem cell theory is an emerging paradigm that suggests that most cancers are sustained by aberrant stem cells that lack the normal ability to undergo terminal differentiation ( Figure 1) . 1, 9 Studies published over the past 10 years have linked cancer stem cells and carcinogenesis to tissue-specific stem cells, and to the accumulation of genetic alterations that occur in these tissue stem cells as they age and respond to chronic inflammation. 10 In this review, the different types of stem cell are discussed, and the adult stem/progenitor cell types and their niches in the field of gastroenterology are briefly character ized. To date, most work has been done in mice and only a little is known about tissue-restricted stem cells in humans. The therapeutic potential of stem cells in human gastroenterological and hepatic disorders is also summarized and insight is provided into the potential risks of stem cell therapies.
Tissue-restricted stem cells
To date, the hematopoietic stem cell (HSC), which was initially isolated from mouse bone marrow in 1988, is by far the best characterized multipotent stem cell.
11 other tissue-restricted stem cells that have been reasonably well characterized include those in the peripheral and central nervous system. 12, 13 until 2007, few other adult stem cell populations outside the bone marrow had been well characterized or understood. For a number of gastrointestinal organ systems, such as the liver and pancreas, the identity and even existence of a resident stem cell population is still debated. one exception is the intestinal stem cell, for which there has long been solid evidence, 5 and in the past few years this has represented an area of rapid and remarkable progress. 11, 14 Tissue-restricted stem cells are generally difficult to identify morphologically and are not easily distinguished from other epithelial cells by any consistent set of markers, except for perhaps their ability to divide and self renew. 15, 16 Tissue stem cells or progenitor cells are thought to reside within a 'niche'-an area with extra cellular substrates that provide an optimal microenvironment for normal differentiation. 17 In most tissues, stem cells within a niche are assumed to be present in
Key points
Cellular regeneration depends on stem cells, which are primitive and relatively ■ unspecialized cells present in fetal and adult tissues that have properties of longevity, self-renewal and multipotency Stem cells can be classified as embryonic or adult, and within the ■ gastrointestinal tract they can be further subdivided into esophageal, gastric, intestinal, colonic, hepatic and pancreatic stem cells
Tissue-restricted stem cells are difficult to identify and are distinguished from ■ epithelial cells by their ability to proliferate and self-renew; they reside within a 'niche' that provides an optimal microenvironment for growth
The same self-renewal properties that allow stem cells to remain immortal ■ and generate thousands of progeny can occasionally make their proliferation difficult to control and thus susceptible to malignant transformation
In the fields of gastroenterology and hepatology, stem cells could be used ■ to restore tissue function in patients with failure of the liver, small intestine or pancreas
In addition to embryonic stem cells, the recent discovery of induced pluripotent ■ stem cells has led to a potential alternative strategy for the development of patient-specific cell therapy relatively small numbers. These cells are thought to remain largely quiescent or undergo division at a very slow rate, 1 such that they are generally negative for most proliferation markers. Typically, proliferation markers such as Ki67, proliferating cell nuclear antigen (PCNA) or 5-bromo-2-deoxyuridine (Brdu) will label progenitor cells, which are immediate descendents of stem cells and are located adjacent to the stem cells.
Progenitor cells divide quickly and are responsible for the bulk of cell division, but seem to have a limited lifespan and are replaced periodically by descendents of the true stem cell. The relative quiescence associated with long-lived stem cells has been attributed to the stem cell niche. 17 Thus, alterations in the stem cell niche, such as those associated with chronic inflammation, could be responsible in part for the eventual transformation of stem or progenitor cells to cancer stem cells. 18, 19 However, data suggest that some classes of intestinal stem cell may be actively dividing with a high cell turnover rate, 
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and may be able to undergo differentiation only in cell culture with the artificial replacement of niche growth factors. 20 Some single stem cells can initiate the formation of crypt-villus organoids as self-organizing structures in the absence of a nonepithelial cellular niche and maintained stem cell hierarchy. 21 It was thought for a long time that stem cells usually divide asymmetrically, producing one identical quiescent daughter cell and one progenitor cell. However, under regenerative states they can occasionally undergo symmetric division to expand the pool of stem cells. This mechanism of maintaining the stem cell in a relatively dormant state was, in theory, assumed to protect the genome from mutation. Nevertheless, it has to be considered that there are two different types of stem cell-quiescent and fast dividing-that adjust their cell-cycle properties depending on their microenvironment. 22 Although tissue-restricted stem cells are thought to be less multipotent and less plastic than other stem cells, they nonetheless require serious consideration with respect to regenerative therapy. The presence of endogenous stem cells in many tissues that participate in maintenance and repair of damaged tissue offers an opportunity to modulate the signals that regulate the behavior of these stem cells, and this may require a deeper understanding of the stem cell microenvironment or niche.
Intestinal stem cells
Stem cells in the intestine are located in specific sites within the epithelium adjacent to areas of rapid prolifera tion and high cell turnover. In the small intestine, prolifera tion occurs at the base of intestinal crypts; most of the cells migrate up from the crypts to the villi, while some of the cells migrate below the stem cells to form Paneth cells. A few enteroendocrine, mucus and columnar cells might also migrate downward from the common origin into cell positions 1-4 ( Figure 2) . 23 In the colon, the same concept of basally located stem cells has been proposed, although bidirectional migration may also occur here. 19 The initial location for the intestinal stem cell was deemed to be position +4 (+4 label-retaining cell [LrC] ) based on the presence of slowly cycling cells at the fourth cell position from the bottom of the crypt that show label-retention of Brdu. That is, long-term administration of Brdu is followed by a long cessation time to wash out the Brdu in the fast dividing cells, which have to be replaced by the quiescent stem cells occasionally ( Figure 2 ). 24 However, other studies suggested that basal crypt cells, known as crypt base columnar cells (CBCs), could also be stem cells. In 2007, a single marker, LGr5 (also called GPr49; Table 2 ), a leucine-rich orphan G protein-coupled receptor, was identified in lineagetracing studies to specifically label stem cells in the mouse small intestine, such as the CBCs between the Paneth cells.
14 Lineage tracing is a technique whereby the specific expression of Cre endonuclease in stem cells or progenitor cells is used to activate a reporter gene in the cells from which the rest of the tissue, such as the crypts, originates. This research has reactivated the debate about the location of intestinal stem cells. Some LGr5-positive cells seem to be multi potent and are able to form all mature intestinal epithelial cells. They seem to undergo self-renewal, to persist for several months and to be resistant to irradiation. Thus, these rapidly proliferating cells with intestinal stem cell character istics have challenged the previously held belief that all adult stem cells are generally quiescent or slowly cycling (Figure 3) . 25 In 2009 lineage-tracing studies of adult prominin-1 (also called CD133; a pentaspan transmembrane glyco protein that localizes to membrane protrusions) showed that some prominin-1-positive cells are located at the base of crypts in the small intestine, co-express LGr5 and can generate the entire intestinal epithelium, and therefore seem to be small intestinal stem cells as well (Figure 2) . 26, 27 Moreover, olfacto medin 4 (oLFM4), which was identified in a gene expression profile for LGr5-positive cells, has been shown to be highly expressed in CBCs in the human small intestine and colon and may therefore be a marker for human intestinal and colon stem cells. 28 Sangiorgi and Capecchi characterized the progeny of REvIEWS crypt BMI1-positive cells ( Figure 2 ) and make the argument in support of the +4 LrCs as a population of stem cells within the small intestine. 29 BMI1 encodes a chromatin remodeling protein of the polycomb group that has essential roles in self-renewal of hematopoietic and neural stem cells. BMI1 seems to consistently mark long-lived cell clones (>12 months) populated by all intestinal lineages and serves as a specific marker of a cell population located at the +4 position of the crypt. Furthermore, ablation of BMI1+ cells by targeted expression of the diphtheria toxin depletes the epithelium of the genetically marked crypts (known as whole crypt units). Thus expression of BMI1 also identifies intestinal stem cell candidates.
In addition to
LGr5 and prominin-1, other potential stem cell markers have been identified for which lineage tracing has not yet been completed. For example, musashi 1 (MSI1) expressing cells include +4 LrCs and CBCs 30,31 ( Figure 2 ) and sFrP5, a Wnt signaling antagonist known to be expressed in quiescent skin stem cells, is also present at the mrNA level in +4 LrCs. 32 In addition, PTEN (phosphatase and tensin homolog) and AKT1, as well as β-catenin, are predominantly expressed in +4 LrCs. 33, 34 A promising new putative stem cell marker, doublecortin CaM kinase-like-1 (DCLK-1), a microtubule-associated kinase that is known to be expressed in neurons, was discovered in gut epithelial progenitor cells, 35 but to date this has not been confirmed through lineage tracing. A 2008 study identified DCLK1 in the intestinal stem cell zone (+4 LrCs) and observed apoptotic stem cells and mitotic DCLK1-expressing cells 24 h after irradiation, indicating the importance of these cells for tissue renewal. 36 We have also found that cholecystokinin 2 receptor (CCK-Br) is expressed in colon crypt cells adjacent to the proliferative zone, and that increased levels of progastrin lead to an expansion of the CCK-Br-expressing cells. Inactivation of CCK-Br reduced proliferation and the number of DCLK1-positive or LGr5-positive cells in progastrinoverexpressing hGAS/+ mice, suggesting that CCK-Br expression is likely to be present on colonic stem and progenitor cells. 37 The cytokeratin, CK19, which is a bile duct marker, may also mark intestinal stem cells, since lineage tracing marked almost the complete epithelium, indicating that crypts are monoclonal and arise from one progenitor cell within these labeled crypts. 29, 38 Similar human experiments are not possible because mutagenesis or exogenous marker introduction are not generally feasible, although there is evidence of stem cell lineage in human colon crypts after therapeutic radiation. 39 Instead, spontaneous changes that occur during genome replication can be used to distinguish cell kinetics. Two studies published in 2009 traced inactivating mutations in mitochondrial genes encoding cytochrome C oxidase, 40, 41 a method that has considerable potential for lineage tracing and for the subsequent identifica tion of human stem cells and their niches. one of these studies suggested that the stem cell niche is located at the base of the human colonic crypt and above the Paneth cell zone in the small intestine. 40 The existence of quiescent intestinal cells that seem to show many of the criteria of stemness has raised the possibility of more than one type of intestinal stem cell. In a review, Scoville et al. proposed a model of two types of intestinal stem cells: quiescent stem cells at the tradi tional +4 locations in a prolonged quiescent state,
Box 1 | Embryonic stem cells
Embryonic stem cells (ESCs) are defined as pluripotent cells derived from the inner cell mass of the preimplantation embryo that can self-renew and generate all the cell types of the body in vivo and in vitro (Table 1 and Figure 1 ). 115 The isolation of human ESCs in 1998 generated tremendous interest in the possible use of ESCs for cell therapy. 116 For example, genes could potentially be manipulated in ESCs to correct genetic deficiencies before therapeutic implantation. In addition, while most adult stem cells have limited proliferative capacity and can give rise to cell types within one particular lineage only, ESCs treated with the antidifferentiation cytokine leukemia inhibitory factor (LIF) can proliferate indefinitely in cell culture and retain their potential to form all the tissues of the developing organism. 2, 117 Patient-specific ESCs could in theory also be developed by somatic cell nuclear transfer, whereby a nucleus from a donor somatic cell is reimplanted into an enucleated oocyte to generate a cloned embryo, as was the case with Dolly the sheep. 118 Although experiments in animals have shown that nuclear cloning combined with gene and cell therapy represents a valid strategy for treating genetic disorders, 119 this is unlikely to be an efficient approach in humans. Some of the extracellular signals and a number of the molecular pathways required for differentiation of ESCs have been identified using both in vitro and in vivo systems. However, although moderate success has been achieved for differentiation of ESCs into ectodermal and mesodermal tissues, progress has been somewhat limited for differentiation of ESCs into endodermal tissues, such as in most gastrointestinal organ systems.
Box 2 | Induced pluripotent stem cells
Induced pluripotent stem cells (iPSCs) are the product of reprogramming a somatic cell into an embryonic stem cell (ESC)-like state, 120 providing a new approach to the generation of ESC-like cells. This pioneering method was first described in 2007 by Yamanaka and colleagues using mouse fibroblasts, in which the retroviral-mediated introduction of four genes encoding human transcription factors (octamer-binding transcription factor 3/4 [OCT3/4], SRY-related highmobility group box protein-2 [SOX2], the oncoprotein c-MYC and Kruppel-like factor 4 [KLF4]) induced pluripotency. 121 To date, iPSCs seem to be identical to ESCs, 122 although the risks associated with using the oncogene c-MYC and retroviral vectors limit the use of iPSCs in a clinical setting. Another limitation has been the relatively low efficiency of generating iPSCs. However, many variations to this protocol have been described, including the use of nonretroviral vector approaches (adenovirus, 123, 124 plasmids, 124 transposons, 125,126 chemical compounds 127 ), and the technique has been applied to several types of mouse and human somatic cells. 128 Studies have shown that different combinations of other factors can substitute for the oncoproteins c-MYC and KLF4 and even produce iPSCs with as few as one factor (OCT3/4 or KLF4) in mouse neural stem cells. 129 The finding that continued expression of the exogenously introduced genes is not required, and that the factors activate epigenetic reprogramming of somatic cells into an ESC-like state, offers hope that the methodology will continue to improve. In theory, all of the necessary factors could be introduced using one vector, 130 which would be removed after reprogramming. 126 Thus, iPSC technology seems to be a viable method for generating iPSCs, without the controversy surrounding use of embryonic cells. However, similar to the case with ESCs, much additional work is needed to define the methodologies necessary to achieve liver-specific and gut-specific differentiation.
REvIEWS reflecting their inhibitory microenvironment, and the active Lgr5-positive stem cells, representing a population of stem cells able to respond to stimulating signals generated from adjacent mesenchymal cells. 42 A similar model of active and quiescent stem cells seems to function in the hematopoetic system. 43 Interestingly, the concept of mobile, fast dividing cancer stem cells, which transiently develop from stationary quiescent cancer stem cells, reflects a similar model in carcinogenesis. 44 However, further work is needed to clarify the relationship between these different progenitor cell types. In our opinion, a quiescent stem cell is located near the bottom of the intestinal crypts and might therefore be identified as +4 LrCs. All stem cell markers so far identified by lineage-tracing studies seem to mark this LrC but also mark early proliferating progenitor cells and therefore may not be specific for the intestinal tissue stem cell.
gastric stem cells
In the gastric oxyntic glands, the proliferative zone encompassing the putative gastric stem cell has been localized to the isthmus, the middle portion of the tubule. From the isthmus, cells are thought to migrate bidirectionally to differentiate into gastric surface mucus cells that coat the gastric pits, and gastric parietal and zymogenic cells that comprise the base of the gland (Figure 3) . 45 Although the gastric stem cell has been the subject of investigation for several decades, it has not yet been identified, as none of the markers discussed above, with the exception of DCLK1, 35 label any specific cells within the gastric isthmus. Lineage tracing of cells positive for villin expression has allowed the identification of a multipotent progenitor located in the lower third of the antral glands and which exists in a subset of antral gastric glands. 46 Interestingly, LGr5 shows lineage labeling in some antral gastric glands and therefore might mark the antral stem or progenitor cells.
14 As described earlier, studies have demonstrated that somatic mitochondrial mutations can be used to identify clonal popula tions in the human intestine. A recent study extends this technique to human gastric mucosa and similarly identifies gastric subclones. Moreover, whole units of the human gastric oxyntic glands seem to be clonal and contain multiple multipotential stem cells. 47 esophageal stem cells Esophageal stem cells are thought to reside within the basal layer of the stratified squamous epithelium (Figure 3) . 48 Although the esophageal squamous epithelium is morphologically similar to the epidermis, there seem to be differences in the location of the stem cell. The label-retaining cells of the esophagus reside in the basal cell compartment and asymmetric cell division has been observed in the interpapillary zone of the basal layer, suggesting the presence of self-renewing stem cells in this compartment. 49 The basement membrane of the esophageal epithelium seems to have a central role in controlling esophageal stem cell behavior, by determining the asymmetric orientation of cell division and dictating the overall tissue architecture. 49 recent data from a study of Drosophila embryogenesis suggest a mechanism Box 3 | Mesenchymal stem cells Mesenchymal stem cells (MSCs) are bone marrow-derived stem cells that were originally defined by their adherence to plastic dishes when cultured. Although MSCs lack specific and unique markers, there is now a general consensus that human MSCs do not express hematopoietic markers (protein tyrosine phosphatase CD45, hematopoietic progenitor antigen CD34 and monocyte differentiation antigen CD14), but do express variable levels of endoglin (CD105), 5'-nucleotidase (CD73), CD44, THY1 membrane glycoprotein (CD90), transferrin receptor protein 1 (TfR1; CD71), and CD271 (tumor necrosis factor receptor superfamily member 16), and are recognized by the monoclonal antibody STRO-1. 131 MSCs typically give rise to many mesodermal tissues such as bone, cartilage, smooth muscle and fat. MUC18 (CD146) is an in situ MSC marker of human bone marrow, 132 and is also expressed on circulating endothelial progenitors and pericytes. As pericytes can differentiate into osteoblasts, chondrocytes, adipocytes and smooth muscle cells, there has been speculation that pericytes and MSCs may be one and the same cell type. 133 A unique subpopulation of MSCs that originates in the mesenchymal compartment of the bone marrow are multipotent adult progenitor cells (MAPCs), which seem to have greater multipotency than most MSCs. 95 MSCs can also differentiate into several endodermal or neuroectodermal cell lineages including gastric epithelial cells, 134 hepatocytes, 135 pneumocytes, 136 pigment epithelial cells 137 and astrocytes. 138 As a result of their plasticity, MSCs could in theory contribute to tissue regeneration 139 and studies have suggested a role for MSCs in wound healing. Some of the effects of MSCs are probably independent of tissue engraftment or epithelial differentiation 139, 140 and might promote engraftment of transplanted organs and reduce graft-versus-host disease. 141, 142 In 2009, we found a specific subset of MSCs (lineage negative [Lin-], CD44 high expressing, SCA1 negative, c-KIT positive and CD34 negative) that reduces the progression of early gastric tumorigenesis in mice, indicating that a defined subset of MSCs could be used therapeutically. REvIEWS by which basement membrane and adhesion molecule interactions might influence the orientation of basal cell division. 50 The most widely accepted criteria for character izing keratinocyte stem cells are slow-cycling growth, selfrenewal capacity and a high proliferative potential activated by wound healing. 51 Some integrin mol ecules, such as the β1 and α6 subunits, have been suggested to be stem cell markers for keratinocytes but the evidence for this has so far remained quite limited. 52 Indeed, the isolation and characterization of esophageal stem cells have remained elusive. Nevertheless, the Hoechst 33342 dye efflux test, which has been proposed to mark stem cells and define hematopoietic stem cells as a side population (SP; a population of cells seen in flow-activated cell sorter analyses), has recently been applied to mouse esophageal epithelium, to character ize a keratinocyte SP that has properties consistent with self-renewal and gives rise to differ entiated suprabasal cells in a 3D organotypic culture. 53 Furthermore, the CD34-positive fraction of SP cells seems to participate in epithelial regeneration in an innovative murine esophageal mucosal injury model, suggesting that the CD34-positive fraction of the SP cells also has the capacity for self-renewal. 53 hepatic stem cells While it is generally believed that the adult liver contains liver stem cells, their existence has not been definitively proven and lineage tracing has not been performed. unlike the gut, the liver has a very slow rate of cell turnover and liver regeneration in most cases depends not on stem or progenitor cells, but rather involves the mitosis of mature cells. 54 It has been shown that murine mature polyploid hepatocytes have a stem cell-like regenerative capacity and even human hepatocytes are highly regenerative. 55 However, under conditions of chronic or severe liver injury, there does seem to be activation of adult liver progenitor cells. The adult liver harbors facultative bi potential progenitors that give rise to an inter mediary cell type, described as 'oval cells' , which are thought to differ entiate into both biliary epithelium and hepatocytes. 54 In the human liver a method to look at somatic mitochondrial mutations highlighted the presence of defined populations of clonal cells apparently originating from the periportal area. 40, 56 Some studies have proposed prominin-1 as a potential marker of murine oval cells, 57 and recent studies of the marker FoXL1 have provided evidence for a bipotential precursor during oval cell activation. 58 In the rat, oval cells resemble embryonic REvIEWS hepatoblasts in that they express α-fetoprotein as well as bile duct (CK19) and hepatocyte (albumin) markers. 54 Thus, progenitor cell activation in the adult uses some of the same genetic programs used during development. 59 For example, cell differentiation is promoted by fibroblast growth factors, which transiently pattern the foregut endoderm 60 and later promote the expansion of progenitor cell populations. 61 A transcription factor, TBX3, helps expand the hepatoblast population by suppressing CDKN2A, 62 and Wnt signaling initially inhibits liver induction 63 but in later stages promotes liver bud growth and differentiation. 64 However, oval cells present in the adult human liver probably represent a heterogeneous cell population 65 and are clearly distinct from fetal hepatoblasts and may not be true stem cells.
pancreatic stem cells
The epithelial lineages of the pancreas (exocrine, endocrine and ductal) arise from cells that express the transcription factor PDX1 (pancreatic and duodenal homeobox1) during development. After birth, PDX1 expression becomes largely confined to insulinproducing β cells. 66 In the endocrine pancreas, the ability of β cells to expand is limited, especially in the adult, REvIEWS and recovery from cell loss, such as occurs in diabetes, is insufficient. 67 There is general consensus that in the normal undamaged adult pancreas, the majority of new β cells derive from pre-existing insulin-expressing cells. Lineage tracing has provided evidence that in adult mice most new β cells are derived from pre-existing β cells, rather than from stem or progenitor cells. 68 Thus, the restricted regenerative ability of the endocrine pancreas is probably limited by the size of the progenitor cell pool in the adult pancreas. 69 The lack of regeneration of β cells in the setting of autoimmune damage has raised considerable interest in the potential of tissue repair by tissuerestricted stem cells, although it remains controversial as to whether mutipotent stem cells exist in the adult pancreas. Nevertheless, recent work has shown that duct ligation can activate neurogenin 3-positive β-cell pre cursors in the ductal epithelium, suggesting the existence of adult pancreatic progenitor cells, at least in the setting of tissue damage. 70 By contrast, the identification of an acinar cell progenitor or stem cell in the pancreas has been more challenging. A study published in 2009 suggested that BMI1 labels a subpopulation of differ entiated acinar cells capable of self-renewing for more than 1 year.
71 BMI1 seems to be expressed within each acinus in one or more differentiated acinar cells that retain proliferative potential and replace the surrounding dying cells. This study, along with the characterization of BMI1 in the small intestine, suggests a more general role for BMI1 in selfrenewal of stem cells as well as in the maintenance of the proliferative ability of differ entiated cells.
The dark side of stem cells gastrointestinal cancer stem cells
The theory that cancer in adults arises from stem cells represents a modern interpretation of the 'embryonal rest theory' developed by Julius Cohnheim in 1867. 9 This hypothesis suggests that cancer arises from resident tissue stem cells or their early descendents (for example, restricted progenitors), and that a tumor can be viewed as an aberrant but heterogeneous organ, in which only a small subset of cancer cells, the 'cancer stem cells' , are capable of extensive proliferation and metastatic spread. 1 The contribution of stem cells to tumors was noted in early studies of teratocarcinoma by Pierce et al., and the concepts were later applied to most tumors. 72, 73 Both normal stem cells and tumorigenic cells give rise to phenotypically heterogeneous cells that exhibit various degrees of differentiation (Figure 1) . 74 Thus, tumors are derived from cancer stem cells that undergo an abnormal and poorly regulated process of organogenesis analogous to normal stem cells. 75, 76 Two sets of markers have emerged as the most useful for the identification of cancer stem cells in a variety of systems: CD44 and prominin-1 (Table 3) . CD44 is a class I transmembrane glycoprotein that can act as a receptor for extracellular matrices such as hyaluronic acid, and is a known downstream target of the Wnt/β-catenin pathway. 77 It was the first marker identified for a solid tumor stem cell found in a study of tumorigenic breast cancer. 78 These cancer stem cells expressed CD44, but not CD24, another adhesion molecule, and classical lineage markers (lin). This publication stimulated further studies examining cancer stem cell markers. Pancreatic cancer stem cells, for example, were shown to express CD44, CD24, and ESA (epithelial specific antigen) (0.2-0.8% of pancreatic cancer cells), and had a 100-fold increased tumorigenic potential compared with non-tumorigenic cancer cells. 76 Colorectal cancer stem cells were similarly shown to express CD44 and the epithelial cell adhesion molecule EpCAM, and in several colo rectal tumors CD166 (ALCAM, known to be expressed in MSCs) could be used for further enrichment of colon cancer stem cells Abbreviations: ESA, epithelial specific antigen.
REvIEWS within the EpCAM/CD44-positive population. 79 CD44 as well as CD90 and CD45 expression, may serve as sensitive and specific markers for early diagnosis of hepatocellular carcinoma (HCC), 80 although in HCC it seems to be CD90, a surface protein expressed by hepatic stem cells or progenitor cells during develop ment, that is primarily upregulated. Findings by our group support the use of CD44 as a gastric cancer stem cell marker. CD44-positive murine cells formed spheroid colonies, xenograft tumors, and also gave rise to CD44-negative cells and exhibited differentiation. Moreover, CD44 expression correlated with the presence of dysplasia in murine and human gastric cancer. 77, 81 However, work from a number of laboratories has pointed to prominin-1 as an alternative cancer stem cell marker for many of the very same tumors. Prominin-1 is thought to function in maintaining stem cell properties by suppressing differentiation. 82 Although it was first reported as a specific cancer stem cell marker for glioblastoma, 83 it was subsequently shown to be a useful cancer stem cell marker for many gastrointestinal tumors including colorectal cancer. Two groups identified human colon cancer-initiating cells using prominin-1 as a marker. 84, 85 This finding was later challenged by the finding that both prominin-1-positive and prominin-1-negative colon cancer cells could initiate tumorigenesis. 86 In 2008 it was shown that a single prominin-1 + /CD24 + colon cancer stem cell can self-renew and reconstitute a complete and differentiated carcinoma. 87 Interestingly, spheroid cultures of these colon cancer stem cells contain expression of prominin-1, CD166, CD44, integrin β1, signal transducer CD24, LGr5, and nuclear β-catenin, which have all been suggested to mark the (cancer) stem cell population. 87 other groups have shown that prominin-1 is a marker for the cancer stem cell population in HCC, being expressed in only a minority (1-5%) of the tumor cell population. 88 However, the role of these markers in defining functionally distinct populations of cells from progenitor to differentiated hepatocytes is controversial. Further studies indicate that the loss of transforming growth factor β signaling and an increase in the expression of the transcription factor STAT3 (signal transducer and activator of transcription 3) contribute to the transformation of a normal hepatic stem cell to a cancer stem cell. 89 Finally, prominin-1 has also been reported to be a marker for cancer stem cells in primary pancreatic cancers and pancreatic cancer cell lines, 90 although in this study there was an approximately 14% overlap between CD44, CD24 and ESA-positive cells, and prominin-1-expressing cells.
Thus, the cancer stem cell field has yet to reach a consensus on the best markers for cancer stem cells in digestive tumors. In addition, much of the cancer stem cell paradigm has been based on tumor formation in immuno deficient animals such as immuno deficient NoD/SCID (nonobese diabetic/severe combined immune deficiency) mice, and differences in tumor initiation may be less striking if more highly immunodeficient NoD/SCID interleukin 2 receptor gamma chain null (Il2rg -/-) mice are used, since no immunogenic selection can be assumed in these models. 91 Since the number and pheno type of cancer stem cells are highly dependent on the immunodeficient murine model used, there remains some skepti cism as to whether results from these models are just an assay-based phenomenon or whether they reflect the true existence and identity of cancer stem cells. It may also be the case that the cancer stem cell phenotype is not fixed but trans ient and inducible, since some studies have demon strated that the induction of epithelial-mesen chymal transition (EMT) in immortal ized human mammary epithelial cells results in the acquisition of cancer stem cell markers. 92 Thus, further work is needed to define the best markers and model systems used for studies of cancer stem cell popula tions. Nevertheless, it is thought that specifically targeting cancer stem cells may allow more effective therapy for cancer, a notion supported by studies published in 2009 with pancreatic cancer stem cells, when a combination of blocking both sonic hedgehog and mTor (mammalian target of rapamycin) signaling and standard chemo therapy seemed to eliminate pancreatic cancer stem cells. 93 BMDCs contribute to carcinogenesis Tissue-restricted adult stem cells have for many years been the obvious candidate as a source of cancer stem cells, since in a chronically inflamed environment it is thought that they may slowly acquire a series of genetic and epigenetic changes that lead to loss of growth control and apoptotic programs, and finally the emergence of cancer stem cells. However, recently BMDCs have been proposed as an alternative candidate for precursors of cancer stem cells. BMDCs, although not pluripotent like ESCs (Table 1) , have a somewhat wider range of plasticity than many tissue-restricted stem cells and tend to migrate to peripheral organs as a result of inflamma tion and tissue injury. 1 The differentiation pattern and growth regulation of these migrating BMDCs may depend largely on local environmental signals. 18 Several in vitro studies have shown that many tissues contain cells that are not clearly epithelial in origin and that are capable of self-renewal and of giving rise to differ entiated cell types. The identification of circulating progenitor cells capable of functioning as lineage-specific stem cells (such as endothelial progenitors) has raised questions as to whether distinct and unique stem cell populations exist for each organ or tissue, or whether a more centralized source of stem cells exists, with the organ-specific niche being the ultimate determinant of stem cell function. [94] [95] [96] Chronic inflammatory stress and injury can lead to the recruitment of circulating progenitors to the gastric epithelium where they may engraft and contribute to the tumor mass. Bone marrow-derived epithelial cells have been identified in the lung, gastrointestinal tract and skin of mice after transplantation of a single purified REvIEWS hematopoietic BMDC. 94 In the gastro intestinal tract of lethally irradiated and bone marrow transplanted mice, engrafted BMDCs were present as rare isolated epithelial cells in the esophagus, the small intestinal villi, the colonic crypt and the gastric pit of the stomach. 94 research conducted in our laboratory found in a mouse model of gastric cancer that BMDCs contribute to at least parts of the neoplastic glands, 97 and more recently, to carcinoma-associated fibroblasts (M. Quante and T. C. Wang, unpublished work). This model might be restricted to cancers that arise after destruction of inflammatory tissue and it remains unclear how BMDCs undergo malignant conversion after recruitment to the gastric mucosa. Several studies have suggested that the contribution of BMDCs to the epithelium, and possibly to tumorigenesis, may be explained by fusion between a BMDC and a peripheral tissue cell. 98, 99 Moreover, a number of reports have shown that BMDCs can contribute to epithelial cancers. 100, 101 Furthermore, bone marrow-derived endothelial progenitor cells can contribute directly to angiogenesis in tumor formation. 102 Malignant transformation and the continued growth of a malignant cell requires a fertile microenvironment. Myofibroblasts and endothelial cells have been shown to derive, in part, from circulating BMDCs. 103 Inflammatory cells and carcinoma-associated fibroblasts are important cells within the peritumoral stroma, and help to promote an environment permissive for tumor growth, invasion and angiogenesis. Together with the tumor cells, they release factors responsible for the mobilization of bone marrow-derived endothelial progenitor cells and induce them to migrate and become incorporated into the developing vasculature of the tumor. 104 
Stem cells for treatment
There is great interest in the possible use of stem cells in regenerative therapy for gastrointestinal and liver diseases, particularly with respect to liver and intestinal failure. While organ transplantation over the past few decades has made tremendous advances, the issue of the limited donor organ supply has highlighted the potential impact of stem cell therapy for treatment of these gastrointestinal diseases. ESCs (Box 2) have received the most attention, given their pluripotency, and could in theory undergo differentiation ex vivo into differ entiated cell types (such as hepatocytes) or into stem or progenitor cells (such as oval cells). Nevertheless, this will probably require further advances in our ability to differentiate ESCs along liver, pancreas, and gut lineages. However, the development of hepatocytes from human ESCs (hESCs) or from other human stem cell sources could be a potential treatment for liver disease. In 2009, hESCs were differentiated by sequential culture in fibroblast growth factor 2, activin-A, hepatocyte growth factor and dexamethasone to generate a reasonably high percent age of cells expressing a mature hepatocyte phenotype. When cultured in vitro, the resulting cells secreted significant levels of human albumin and α1-antitrypsin, and after transplantation into rodents, secreted moderate levels of human albumin and α1-antitrypsin into the serum for more than 2 months. 105 This approach using hESCs seems promising. However, ESCs are not patient specific and have the potential for immune rejection, such that lifelong immunosuppression would still be required. While therapeutic cloning offers another strategy to generate patient-specific ESCs that can be used for autologous transplantation, it has not yet been achieved for humans and is unlikely to receive widespread support because of ethical considerations.
The discovery of iPSCs (Box 3) has generated great excitement, since this offers an alternative strategy for generating pluripotent ESC-like stem cells that could be used in regenerative medicine. In addition, iPSCs can be generated from the patients' own cells, providing a number of theoretical advantages, including absence of immune rejection. In addition, the ability to culture the cells ex vivo provides the additional opportunity to manipulate and/or correct genetic deficiencies. The proof-of-principle of the iPSC strategy has already been demonstrated in several elegant studies. For example, murine iPSCs were differentiated into hematopoietic precursor cells and then used to rescue lethally irradiated mice. In addition, iPSCs were successfully derived from a mouse model of sickle cell anemia, then the defective gene was replaced by homologous recombina tion, and the differentiated hematopoietic precursors from these cells were used successfully to treat the mouse with sickle cell disease. 106 Approaches similar to this could be used to treat a variety of genetic liver disorders such as hereditary hemachromatosis, Wilson disease and α-1-antitrypsin disease. In addition, the generation and differentiation of patient-specific iPSCs could be used in high-throughput screens for validating potential therapeutic targets for small molecule drug development. However, while iPSCs seem to be similar in many ways to ESCs, they may not be quite as pluripotent, they are not identical with respect to their genetic or epigenetic profiles, and may have a slightly greater potential for malignant transformation even without using trans fection with oncogenic MYC.
Manipulation of tissue-restricted stem cells for the purpose of regenerative therapy offers another possible therapeutic avenue. However, while tissue-restricted stem cells represent a potential source of autologous cells for transplantation therapy, the therapeutic potential of tissue-restricted stem cells seems to be less than that of ESCs, and their availability is also limited since it has not yet been possible to easily expand the numbers of these tissue-restricted stem cells ex vivo. Nevertheless, with the identification of tissue-restricted stem cells that participate in maintenance and repair of the tissue, strategies to activate and expand endogenous stem cells in situ have potentially broad applications.
one area in which regenerative stem cell-based therapy could have a great impact is in the area of gastro intestinal motility disorders, particularly those associated with the REvIEWS aganglionic gut or Hirschsprung disease. one possible approach has been reported in which post-natal human gut mucosal tissue was used to generate enteric nervous system stem cells ex vivo. 107 These cells were obtained from human postnatal gut mucosal tissue by endoscopy, cultured to generate neurosphere-like bodies, and on transplantation into models of aganglionic gut the neurosphere-like bodies were capable of colonizing mucosal tissue and differentiating appropriately into enteric nervous system neuronal and glial cells.
MSCs (Box 3) have been shown to be useful in facilitating tissue regeneration and in accelerating tissue healing largely due to their general anti-inflammatory properties. MSCs, with or without mobilizing or pro liferating agents such as granulocyte colony-stimulating factor, enhance mobilization of MSCs and facilitate the activation of endogenous liver stem cells, and therefore seem quite promising for tissue regeneration. 108 Since BMDCs seem to be physiologically involved in the process of liver repair in humans, 109 the possible thera peutic potential of these cells has been investigated by intra portal autologous transplantation, which in some cases has resulted in clinical improvement. 110, 111 In addition, recent studies suggest that MSCs can be differ entiated into hepatocytes and, when infused into murine models of hepatic failure, can contribute to liver regenera tion and effectively rescue these mice from death. 112 BMDCs have been used to treat both IBD in humans and induced colitis in mice. Early studies with allo geneic or autologous BMDC transplantation showed that these treatments may effectively treat Crohn's disease and ulcerative colitis and lead to profound remission with a median follow-up of 7 years. 8 Although the mechanism for the induction of remission may be due to elimination of aberrant lymphocyte clones, recent studies suggest that BMDCs can directly facilitate mucosal repair in moderate to severe colitis. Studies by Khalil et al. have shown that infused CD34-negative stem cells home to the inflamed colon, contribute to vasculo genesis and can ameliorate induced colitis in mice. 113 Additional studies have suggested that MSCs derived from adipose tissue can alleviate experimental colitis in mice by increasing interleukin 10 levels and inducing T-regulatory cells. 114 
Conclusions
In summary, achievements in stem cell research have provided new impetus and possibilities for the use of stem cells in the treatment of gastrointestinal and liver diseases. The use of iPSCs (and possibly MSCs) for the treatment of gastrointestinal and hepatic disorders has several theoretical benefits, for instance they are easy to access, are in abundant supply and there is a reduced risk of rejection or need for immunosuppressive therapies. However, much additional work is needed to understand the factors required in each instance to achieve the desired cellular differentiation, as well as the safety, efficacy, and tolerability of stem cell-based treatments. While human iPSCs might seem to be the ideal stem cells for cellular therapy and may even replace the use of immunogenic ESCs, their pluripotency and tumorigenic risk have not yet been adequately determined. Although ESCs or iPSCs have the potential to give rise to any cell type in the human body, the use of adult or tissue stem cells in the liver, pancreas and gut is emerging as a promising approach with many important clinical applications. Cell regenerative therapy with resident tissue stem cells would be possible if the signals that regulate the behavior of these stem cells could be regulated, which may require a deeper understanding of the stem cell microenvironment or niche. Despite the great potential of all kinds of stem cells for achieving tissue regeneration in patients with diseased organ systems, these cells also represent the source of cancer stem cells and additional studies will be needed to determine the benefits versus risks of these therapies.
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